A novel geomechanics concept is presented for studying the behavior of geomaterials and structures by capturing the underlying dynamics as realistically as possible for earthquake excitation applied in time domain. Enormous amount of damages caused to infrastructures during recent earthquakes in all over the world indicate that there is a considerable room for improvement. Causes for extensive damages are generally attributed to poor soil conditions at the region. It is interesting to note that all structures in a region with poor soil condition do not suffer similar damages; in fact, some of them remain damage-free. There are many reasons for this including inability to model the soil-structural systems properly, predict the future design earthquake time history at the site, model the dynamic amplification of responses caused by the excitation, incorporate major sources of nonlinearity and energy dissipation, and most importantly consider the presence of a considerable amount of uncertainty at every phase of the evaluation process. The most recent research trend is to capture complicated behavior by conducting multiple deterministic analyses by taking advantage of current significantly improved computational capability. By conducting few dozens of deterministic analyses at very intelligently selected points, structures can be designed more seismic loadtolerant. The performance based seismic design concept recently introduced in the U.S. is showcased in this paper. The requirements in the guidelines appear to be reasonable. The concept is expected to change the current engineering design paradigm. The authors believe that they proposed alternatives to the simulation and the basic random vibration concept.
Introduction
Catastrophic damages caused by strong earthquake motions are experienced all over the world. In modern time, their economic impact in a region can be enormous. Health of infrastructures is a major factor in assessing the economic impact. It was openly discussed that if two such events occur in a quick succession in a region, a well-developed country can go bankrupt. After a detailed post-earthquake assessment, numerous changes are generally proposed. Major design codes applicable in the region are modified. For an example, the Mexico City earthquake of magnitude 8.1 on September 19 th , 1985, caused significant damages to infrastructures. Mexico City is located on a dry lake bed with poor soil conditions. The epicentral distance of it was about 400 km. The extensive damages caused by the earthquake were attributed to the soil conditions in the region. This type of incidence caused major changes in seismic design guidelines. To address poor soil condition, the peak design response spectrum in generally was extended over larger periods. The modification is conceptually shown in Fig. 1 (ATC 3-06, 1978) . Unfortunately, again on September 19th, 2017, Mexico City suffered from another earthquake of magnitude 7.1. This time the epicentral distance was 120 km. It also caused a lot of damages. The improvements in the design guidelines did not prevent damages. However, historical evidence suggests that all structures in a region with poor soil conditions do not suffer similar damages; in fact, some of them remain damage-free. The authors believe that the underlying dynamics caused by the seismic excitation need to be addressed more appropriately.
Fig. 1. Modification of response spectrum for different soil conditions
There are many reasons for undesirable behavior of infrastructures located on poor soil conditions including difficulty in accurately modeling the complicated soil-structural systems mathematically, predicting the future design earthquake time history at the site, modeling the dynamic amplification of responses caused by the excitation, incorporating major sources of nonlinearity and energy dissipation, and most importantly considering the presence of a considerable amount of uncertainty at every phase of the evaluation process. Soil is not a man-made material and a considerable amount of nonuniformity or uncertainty is expected in modeling it. When an earthquake occurs, seismic waves travel from the epicenter to a specific site through various soil conditions. Because of this, it is extremely difficult to predict the frequency contents of a design earthquake at a site. A structure resting on a site will have its own specific dynamic characteristics and frequency contents. Obviously, if the structural and the exciting earthquake frequencies cause resonance conditions, the structure is expected to suffer a significant amount of damages. In the U.S., to address the unpredictable frequency contents of the design earthquake, ASCE 7-16 requires that a structure needs to be excited by at least 11 similar earthquake time histories. It was elaborated by Zimmerman et al. (2015) . Moreover, the ASCE guidelines did not openly address modeling uncertainties in structural parameters, live load (assuming dead load can be estimated with a small amount of uncertainty), several sources of energy dissipations, etc. The authors believe that in addition to considering uncertainty in the earthquake excitation, uncertainty in all the other design parameters also needs to be considered appropriately. They extended the concept of multiple excitations to incorporate uncertainty in all major design parameters. If developed appropriately, the proposed concept may require few dozens instead of 11 deterministic analyses. A brief literature survey will indicate that a simulation-based approach will be ideal to incorporate all major sources of uncertainty. However, for a low probability event like a destructive earthquake, the simulation approach may be prohibitive and an alternative is required that will consider more than 11 deterministic analyses but much fewer than that of required for a simulation-based approach. An alternative method is proposed in this paper.
Challenges in Developing the Proposed Concept
In developing a new concept, some of the major challenges need to be identified first. Modeling of infrastructures excited by earthquake excitations is a complicated dynamic problem. In addition, the presence of large amount of uncertainty in most of the design variables makes the process even more difficult. To address the problem, the authors decided to propose a new approach; proposing to change the current engineering design paradigm. Such an approach is discussed next.
Modeling of infrastructures
A brief literature review will indicate that several methods of various degrees of sophistication are used for the seismic analysis and design of structures. Major design guidelines permit to use equivalent static lateral force procedure, modal approach, and linear and nonlinear time domain approaches. However, the most sophisticated design requires that the earthquake loading needs to be applied in time domain. Also, major sources of nonlinearity and energy dissipation need to be explicitly incorporated in the formulation. To satisfy these requirements, the authors decided to represent structures by finite elements. As the structure approaches a failure or damage state, several sources of nonlinearity including geometric and material, are expected to be developed. Thus, the finite element method (FEM)-based formulation is expected to address both linear and nonlinear states of structures. The first author initially used the assumed stress-based FEM (Kondoh and Atluri, 1987; Haldar and Nee, 1989) . It can represent a structure with fewer elements, large deformation problems can be modeled with reasonable accuracy, and the stiffness matrix need not be updated at every step of the nonlinear analysis. The procedure is well developed, specifically for frame structures (Haldar and Mahadevan, 2000b) . The authors published numerous papers on the topic but not listed here. Unfortunately, this approach is not used by most users and almost all the commercially available computer programs do not use it. The assumed displacementbased FEM is commonly used and the authors used it in their more recent work.
Multiple earthquake time histories
The authors decided to develop the proposed concept by exciting structures with multiple seismic excitations in time domain. How to select multiple design earthquake time histories for a specific structure on a particular soil condition at a site is a major challenge and will be discussed later.
Multiple deterministic analyses
As briefly discussed earlier, to incorporate uncertainty information only in the seismic loading, the current requirement in the U.S. is to use at least 11 deterministic evaluations of the structure. It is expected that if major sources of uncertainty in the dead and live loads, and other resistant-related variables are incorporated in the formulation, the total number of deterministic evaluations can be over 11 (Azizsoltani et al. 2018 ).
The random vibration concept is generally used for dynamic problems to incorporate the presence of uncertainty. In this approach, the dynamic loading is applied in the form of a power spectral density function, essentially valid for linear problems. The dynamic loading cannot be applied in time domain and it will also be difficult to appropriately consider material and geometric nonlinearities in the formulation. The classical random vibration concept is mathematically very sophisticated but will not be appropriate for the class of problems under consideration.
Following the recent trend in the profession to conduct multiple deterministic evaluations to consider the presence of uncertainty, simulation can be an alternative to the random vibration concept. It is well known that the simulation approach can be very inefficient. Readers with experience in conducting nonlinear time domain analysis of a structure represented by finite elements may attest that it may take at least 30 minutes of continuous running of a computer. Suppose, one would like to simulate about 10,000 times, it may take about 5,000 hours or about 208 days of continuous running of a computer. Obviously, it may be impractical and an alternative to simulation is necessary. In developing such an alternative that will make a decision-making process more attractive, a complete reliability-based approach will be ideal. This way different design alternatives can be easily compared. Since for a particular structural design, the underlying risk cannot be zero, it will also provide information on the risk for different alternatives. Since risk is always estimated with respect to a performance requirement, it will also help to identify the most critical failure mode and help the designer to avoid it with other alternatives.
Proposed Methodology
Based on the above discussions, it is clear that the proposed methodology should satisfy the deterministic and the reliability communities at the same time. A nonlinear FEM-based formulation, where the dynamic including the seismic loading applied in time domain to study structural behavior, is expected to satisfy the deterministic community. To satisfy the reliability community, all major sources of uncertainty in the variables also need to be incorporated in the formulation, especially just before the failure.
The most commonly used and well-accepted reliability evaluation procedure at present is known as the First-Order-Reliability-Method (FORM) (Haldar and Mahadevan, 2000a) . For easier implementation of FORM, the limit state function also known as the required performance function (RPF) should be available in an explicit form. An RPF is generally defined in terms of all the random variables (RVs) in the formulation and the critical performance requirement suggested in design guidelines or specified by the users/owners. It will be discussed in more detail later. The first author developed a reliability evaluation procedure where the structures are represented by finite elements, known in the literature as the stochastic finite rlement method (SFEM) (Haldar and Mahadevan, 2000b) . It extracts reliability information using FORM. For the nonlinear dynamic problem where the excitation is applied in time domain, the SFEM approach will not be appropriate. The complexities arise because the required RPF is implicit in nature. For implicit RPF, disregarding simulation as an alternative, one attractive option will be representing approximately an RPF explicitly in the failure region incorporating appropriately the uncertainties in the RVs.
A commonly used concept for this purpose in known as the response surface method (RSM). It was initially developed to study chemical reactions (Box et al. 1978) . It was developed in the coded variable space using information on mean and variance, completely ignoring the distributional information on the RVs. It was never used for risk evaluation of civil engineering applications. However, to satisfy the reliability community, the distributional information must be incorporated and the response surface (RS) needs to be generated in the failure region which will be unknown in most cases of practical interest. Since FORM uses distributional information and locates the failure point iteratively, the authors decided to integrate FORM with the basic RSM concept. It will satisfy the reliability community. An RS generated by the integrated approach will be denoted hereafter as improved RS or IRS. The basic concept is shown in Fig. 2 .
Generation of IRS
The main objective at this stage is to conduct as few nonlinear time domain FE analyses as possible to obtain the dynamic responses to fit a polynomial passing through them to generate an explicit expression for an implicit IRS. To develop a mathematical expression of an IRS, the major tasks are: (i) selecting the degree of polynomial to represent it, (ii) suggesting efficient schemes to locate the center point(s) around which samples will be generated, and (iii) proposing schemes for the selection of sampling points. These tasks are briefly discussed below.
Fig. 2. The basic concept of IRS
Considering that the degree of polynomial should be kept as low as possible and a linear function will not be appropriate for the nonlinear dynamic problem under consideration, the authors decided to use second-order polynomial, without and with cross terms (Khuri and Cornell 1996, Huh and Haldar 2001) . They can be represented as:
( 1) and
where is the number of RVs; (i=1,2,…, ) is the i th RV; 0 , , and , are the unknown coefficients; and ̂( ) is the expression for an approximate RS. The total number of coefficients that need to be evaluated to generate Eqs. (1) and (2) are (2k + 1) and (k + 1) (k + 2)/2, respectively.
Following the implementation strategy of FORM, the iterative strategy can be initiated at the mean values of all RVs. Essentially, these are the coordinates of the initial center point. To incorporate the distributional information of all RVs, the formulation used in the basic RSM needs to be modified. Using RSM, the uncertainty in an RV is expressed as:
where, is the i th RV region or bound; is the coordinate of the center point of RV Xi; is the standard deviation of RV Xi; ℎ is an arbitrary factor controlling the experimental region (Khuri & Cornell, 1996) ; is the coded variable which assumes values of 0, ±1 or ± √2 4 depending on the coordinates of the sampling point with respect to the center point and sampling schemes, and is the number of RVs.
To implement FORM, all non-normal variables need to be transformed to equivalent normal variables at the checking point. To generate an IRS, it will be the mean values of all RVs in the first iteration. For the non-normal RV, the corresponding equivalent normal mean ( ) and standard deviation ( ) can be calculated at the checking point * as (Haldar & Mahadevan, 2000a , b):
and
where ( * ) and ( * ) are the cumulative distribution function (CDF) and the probability density function (PDF) of the original non-normal RV at the checking point * , respectively; and Φ( ) and ϕ( ) are the CDF and PDF of the standard normal variable, respectively. Thus, the equivalent normal mean ( ) and standard deviation ( ) values can be used in Eq. (3) to incorporate the distribution information of non-normally distributed RVs.
At this stage, the sampling points need to be generated around the center point following a sampling scheme. Saturated Design (SD), and Central Composite Design (CCD) (Box and Wilson 1951) are commonly used for this purpose. SD is less accurate but more efficient since it requires only as many sampling points as the total number of unknown coefficients to define an IRS. A second-order RS without cross terms can be generated using 2k+1 FE analyses. Considering cross terms, it will require ( + 1)( + 2)/2 FE analyses (Lucas, 1974) . CCD is a more efficient approach to the 3 factorial design (Box et al. 1978 ). However, it will require a total of 2 + 2 + 1 FE analyses to generate a second-order IRS. CCD is more accurate but less efficient because it requires cross terms for the second-order polynomial and regression analysis is necessary to generate an IRS, requiring many sampling points. Capturing the advantages of SD and CCD, the authors decided to use SD without cross terms for the initial and intermediate iterations and CCD in the final iteration.
The accuracy in any risk estimation will depend on the accuracy of the generated IRS. In the final iteration, when CCD is used, the regression analysis needs to be conducted to generate an IRS. In general, a regression analysis using the least squares method (LSM) can be used to generate it (Haldar and Mahadevan 2000a Azizsoltani and Haldar 2018) . KM was originally developed to improve the accuracy for tracing gold in ores. It is basically the best linear unbiased predictor estimate of an IRS and its gradients can be used to calculate information on unobserved data points. Two basic desirable characteristics of KM are that an IRS generated by it is uniformly unbiased and its prediction error is less than all the possible forms. These features make it the best linear unbiased surrogate for an IRS (Wackernagel. 2013) . It also assumes that the near sample points should get more weights (Lichtenstern, 2013) . Several types of KM are reported in the literature. For the class of problems of interest, the authors decided to implement Universal KM in the present study because of its capabilities in incorporating external drift functions as additional variables (Hengl, 2007) . More discussions on the topic can be found in Azizsoltani and Haldar (2017) and Azizsoltani et al. (2018) .
The Universal KM involves basically a linear weighted sum of the responses calculated by the FE analyses at the sampling points. It can predict the value of the response at any non-sampled point. The basic concept is shown in Fig. 3 . The generation of the IRS, denoted hereafter as [ĝ( )] for this discussion, using KM can be expressed as:
where is the ℎ ( = 1,2 , . . . , ) unknown weight corresponding to the observation vector ( ) which is estimated by performing deterministic FE analyses.
Fig. 3. Advantages of Kriging over regression analysis
Based on the above discussion, the observation vector, ( ), represents a Gaussian process and is assumed to be a linear combination in terms of a nonstationary deterministic drift function, ( ), and a residual random function, ( ). Thus, ( ) can be expressed as (Cressie 2015) :
where ( ) represents a second order polynomial including cross terms, and the term ( ) is an intrinsically stationary function with underlying variogram function Y and zero mean. The generation of the variogram cloud is required to develop the appropriate variogram function. The variogram cloud is the graphical representation of the dissimilarity function. The experimental variogram can be generated using the variations with the similar distance in the variogram cloud. The experimental variogram is the average of the dissimilarities with the similar distance . The dissimilarity function can be denoted as:
where * ( ) represents the dissimilarity function for the corresponding ℎ RV separated by a distance ; and is the coordinate of the experimental sampling point. Since dissimilarity function is symmetric with respect to the distance , only absolute values of can be considered. Least squares-based regression methods are commonly utilized for fitting the above models to the experimental variogram. The group of stable anisotropic variogram models using weighted least squares regression method is used in this study.
To assure uniform unbiasedness in Eq. (6), universality conditions must be satisfied by estimating the weight factors . It can be fulfilled as (Cressie, 2015) :
where ( ) represents the regression function of a second order polynomial including cross terms; is the ℎ sampling point, and 0 represents the coordinates of the non-sampled point that will be used to predict the response of the structure. The weight factors are calculated by minimizing the variance of the prediction error with the help of the optimality criteria and the Lagrange multipliers as:
where represents the symmetric residual variogram matrix, i.e. ( ) = ( − ), , = 1, … , ; is the vector form of the unknown weight factors; can be introduced in the form of = ( ); = ( 0 , 1 , … , ) is the Lagrange multiplier; and ,0 is the residual variogram vector.
Solving Eqs. (9) and (10), the information on the unknown weights and Lagrange multipliers can be obtained as:
Using Eq. (6) and solving Eq. (11), the required IRS can be calculated as:
Hence, the required IRS will be explicitly available using Eq. (12) . The underlying reliability can be estimated using the generated IRS, transforming to an RPF as discussed next, and FORM (Haldar & Mahadevan, 2000a).
As mentioned earlier, risk is always estimated with respect to a required performance function (RPF). With the availability of an accurate expression of IRS, it is now possible to define an appropriate RPF. For seismic design, serviceability-related limit states generally control the design. Considering the availability of space, only serviceability RPFs are considered in this paper. A serviceability RPF can be defined as:
where represents the allowable or permissible value to satisfy a specific performance requirement; ̂( ) is the generated IRS; and is a vector representing all the RVs. For this paper, 2 serviceability RPFs: overall lateral and inter-story drifts, are considered. Different RPFs are discussed in more detail in (Haldar and Mahadevan 2000b).
Performance-based seismic design concept (PBSD)
As mentioned earlier, following the Northridge earthquake of 1994, the performance-based seismic design (PBSD) criteria were proposed in the U.S. The FEMA-350 (2000) report defined three performance levels: Immediate Occupancy (IO), Life Safety (LS), and Collapse Prevention (CP). Since PBSD is implemented in terms of multiple target performance levels, FEMA-350 (2000) suggested allowable drift values ( ) for CP, LS, and IO in terms of probability of exceedance and return period. They are summarized in Table 1 ; where H represents the total or inter-story height depending on the RPF under consideration. The information provided in Table 1 is essentially for RPFs in terms of overall lateral and interstory drift. Considering that generally for seismic excitations, structural systems fail due to excessive overall lateral and inter-story drifts, 2 RPFs related to them are considered in verifying the proposed approach. As mentioned earlier, PBSD is essentially developed for steel structures at present. Since uncertainties in steel structures, dead and live loads are reported widely in the literature (Haldar and Mahadevan, 2000a , b), they will not be specifically discussed in this paper. However, the current design guidelines in the U.S. require that at least 11 earthquake time histories need to be considered to address uncertainty in the design earthquake. It is a relatively new research topic and is discussed next.
Quantifications of uncertainties in design earthquake time histories
Selection of a suite of ground motions appropriate for a specific site and structure is a major challenge. It is discussed in detail in Azizsoltani and Haldar (2017), Azizsoltani et al. (2018) , . The basic concept is briefly discussed below.
The major task is to generate multiple design earthquake time histories for a particular site and the structure to be built on it. In general, it can be done in two different ways. The Broadband Platform (BBP) developed by the Southern California Earthquake Center (SCEC) (SCEC, 2016) can be used when the seismic activities of the region are widely available. This approach will be more appropriate for a site in the U.S. The second option will be scaling past recorded data available at Pacific Earthquake Engineering Research Center (PEER) database. Several thousands past recorded earthquake time histories are available from the database. It also provides the information on the soil condition at the site. If the design spectrum is available for a site, these time histories can be scaled to fit the spectrum. This approach is expected to be suitable for world wide applications and is considered in this paper.
To implement the concept, the target or design probabilistic ground motion response spectrum (DPGRS) needs to be generated for a particular site considering the soil condition and the structure to be built. The ordinates of DPGRS can be generated using a method suggested in (ASCE [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] 2016 ) by taking the product of the risk coefficients, CR, and the spectral response acceleration from a 5% damped acceleration response spectrum having a 2% probability of exceedance within 50 years, commonly known as the Uniform Hazard Response Spectrum (UHRS) (Loth and Baker 2015) . It corresponds to the return period of the ground motion of 2475 years. To obtain the uniform risk spectrum (URS), the authors used the period dependent scale factor CR values suggested in ASCE 7-16 for 0.2 and 1 s spectral response periods. For other periods, procedures suggested in the ASCE guidelines can be followed. At this stage, the information on the site-specific DPGRS will be available.
A suite of ground motion time histories can be generated by fitting the DPGRS in the following way (Beyer and Bommer, 2007) . A response spectrum is generally developed for a frequency range and the fitting strategy should cover this frequency range. Fig. 4 conceptually shows DPGRS, UHRS having a 2% probability of exceedance within 50 years, and the riskTargeted Maximum Considered Earthquake (MCER) response Spectrum based on ASCE7-16 Chapter 11. Relative locations of these curves depend on the site classification and location. DPGRS in Fig. 4 is shown in solid line. For a site in Los Angeles, since CR value is equal to 1.0 indicating DPGRS and UHRS will be the same. However, CR values for other regions are less than 1.0 and the ordinates of DPGRSs are less than UHRS.
Fig. 4. DPGRS, UHRS, and MCER
The entire PEER database can used for selecting the time histories of earthquakes using appropriate scale factors (SFs). Initially, the ground motions in the database are scaled to match the DPGRS at the fundamental period of the structure. The scale factor (SF) closer to unity is desirable (Watson-Lamprey and Abrahamson 2006) but it can be very large in some cases. To select the desired time histories, the upper bound of SF is suggested to be between 2 and 4 (Bommer and Acevedo, 2004). The authors eliminated ground motions for further consideration with SF more than 4. To select appropriate site-specific time histories over a period range, the authors ranked the potential candidates in terms of the suitability factor. To study the suitability factor, the range of the period is considered to be 0.2 and 2 times the fundamental period of the structure. Azizsoltani et al. (2018) and Baker (2011) observed that structures are sensitive to the response spectra in highly nonlinear phases at periods longer than 1.5 times the fundamental period of the structure. In any case, the range is then subdivided into 40 to 50 equally spaced intervals in the log scale. Information on the lower bound is used to match ground motions period of the higher vibration modes and the upper bound is used to match the ground motions for highly nonlinear phases. At each of these periods, the differences between the ground motion spectral acceleration spectrum of a time history and DPGRS in log scale are estimated. The total error considering all intervals, generally denoted as square root of the sum of the squares errors (SRSSE) are estimated for each of the scaled ground motions . For this study, 11 ground motion time histories with lower SRSSEs are considered further for the reliability analysis, as discussed next.
Implementation of PBSD for Different Soil Conditions
With the availability of the appropriate reliability evaluation method satisfying the intent of the PBSD guidelines, it is now necessary to showcase the implementation potential of it for different soil conditions.
Selections of a suite of ground motions for a specific site and structure are major tasks to implement the concept. The seismic design maps suggested in design guidelines before 1997 (FEMA 222A 1995, FEMA 223A 1995) were based on the ground motions with 10% probability of exceedance (PE) in 50 years. In newer guidelines (FEMA 302 1997, ASCE 2016) PE is considered to be 2% in 50 years. This significant increase in the ground motions indicates the changes in the performance objective from life safety to collapse prevention (FEMA P695 2009). This corresponds to the return period of the ground motion of about 2475 years (Azizsoltani et al. 2018 ).
Soil types are classified in 6 categories in the U.S (ASCE 7-16 2016). They are denoted as Site Classes A to F. Site Class A represents hard rock with measured shear wave velocity greater than 1,500 m/s. Site Class F requires site-specific evaluations. FEMA guidelines also suggest that when the soil properties are not known in sufficient detail, Site Class D shall be used. To consider different soil conditions, for the illustrative examples, a structure is considered to be located on two types of soil; Site Class B -representing rock with shear wave velocity between 760 m/s to 1,500 m/s and Site Class D -no information is available on the soil condition at the site. 
Selections of earthquake time histories
A suite of earthquake time histories can be selected following the procedures discussed in Section 3.4. To satisfy the minimum requirement, only 11 time histories are considered. The fundamental period of the 9-story frame is found to be 2.18 sec. Considering two site classes of B and D, 11 time histories are selected for each site for CP, LS, and IO performance levels. They are listed in Tables 2 and 3 . As mentioned earlier, the building is located in the Los Angeles area. Spectral accelerations for 11 earthquakes for site class D and CP performance level are plotted in Fig. 5 . Similar plots can be made for site class B and D and other performance levels. As expected, Fig. 5 indicates the ground motions in the database are scaled to match the DPGRS at the fundamental period of the structure; for this example, it is 2.18 s. It is now necessary to incorporate all major sources of uncertainty in the building and the loads acting on it besides the earthquake loading. The information is summarized in Table 4 . The serviceability performance function of overall lateral and the inter-story drift at the 5 th floor level is considered. Using a performance function represented by Eq. (13) and story height H = 3.96 m (13 ft), the allowable drift for both RPFs for CP, LS, and IO are calculated using the information given in Table 1 . Expression of RPF for each performance level and soil type is generated by conducting about 300 deterministic analyses by exciting the frame by the corresponding earthquake time histories following the procedure discussed in Section 3.1. With the availability of IRS and the allowable value, Eq. (13) is defined. The corresponding risks, in terms of the reliability indexes, β values are estimated. Higher β values indicate lower probability of failure. The information is summarized in Tables 5 and 6 for soil type B and D, respectively. Tables 5 and 6 . Although the earthquake time histories were selected very carefully satisfying the design earthquake spectra for a given site and structure, the reliability indexes obtained are quite different. The authors considered other similar buildings suggested by FEMA (FEMA 355F 2000) . They observed similar spread in the reliability indexes. Considering that any one of the design earthquake time history can occur at the site, the absolute safety cannot be assured. However, considering 11 design time histories, the structure can be designed more damage tolerant. This observation clearly indicates that the frequency content of an earthquake is a very critical design parameter and they are beyond the control of designers. The reliability indexes did not change considerably for CP, LS, and IO, as expected for a particular time history. This observation clearly indicate that the selection process of the appropriate time histories is essential. The selection process is generally overlooked in routine applications. In most cases, the building located on a site with soil type B have a higher reliability index value than that of soil type D, but not always. Inter-story drift appears to be more critical than the overall drift. The example showcases how PBSD can be implemented. It also documents the necessity of considering realistic physics-based dynamic soil condition and structural characteristics to make appropriate design decision. More importance should be given to the appropriate performance criterion. 
Conclusions
A novel geomechanics concept is presented for studying the behavior of geomaterials and structures by capturing the underlying dynamics as realistically as possible for earthquake excitation applied in time domain. Enormous amount of damages caused to infrastructures sometimes are attributed to poor soil conditions at the region. It is interesting to note that all structures at a region with poor soil condition do not suffer similar damages; in fact, some of them remain damage-free. To address these observations, a novel concept of multiple deterministic analyses is proposed satisfying the underlying physics and incorporating major sources of uncertainty in the formulation. Structures are represented by finite elements to capture nonlinear behavior as accurately as practicable; following the practiced followed by the deterministic community. They are excited by at least 11 time histories to incorporate a considerable amount of uncertainty in predicting the design earthquake. A sophisticated reliability evaluation method is proposed to compare risk associated with different excitations. The basic concept is implemented for the PBSD concept recently proposed in the U.S. Multiple deterministic analyses is a major building block of the proposed concept by taking full advantage of the current significantly improved computational capability. By conducting few dozens of deterministic analyses at very intelligently selected points, structures can be made more seismic load-tolerant. The concept is expected to change the current engineering design paradigm. The authors believe that they proposed alternatives to the simulation and the most commonly used random vibration concept.
